Superconductivity can be understood in terms of a phase transition from an uncorrelated electron gas to a condensate of Cooper pairs in which the relative phases of the constituent electrons are coherent over macroscopic length scales [1] . The degree of correlation is quantified by a complex-valued order parameter, whose amplitude is proportional to the strength of the pairing potential in the condensate. Supercurrentcarrying states are associated with non-zero values of the spatial gradient of the phase. The pairing potential and several physical observables of the Cooper condensate can be manipulated by means of temperature, current bias, dishomogeneities in the chemical composition or application of a magnetic field [2] . Here we show evidence of complete suppression of the energy gap in the local density of quasiparticle states (DOS) of a superconducting nanowire upon establishing a phase difference equal to π over a length scale comparable to the superconducting coherence length. These observations are consistent with a complete collapse of the pairing potential in the center of the wire, in accordance with theoretical modeling based on the quasiclassical theory of superconductivity in diffusive systems. Our spectroscopic data, fully exploring the phase-biased states of the condensate, highlight the profound effect that extreme phase gradients exert on the amplitude of the pairing potential. Moreover, the sharp magnetic response observed near the onset of the superconducting gap collapse regime can be exploited to realize ultra-low noise magnetic flux detectors [3] .
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The physics of superconducting boundaries is an invaluable tool for the investigation of the fundamental properties of matter and for fostering the development of novel devices. From tunnel-type contacts [4] to clean galvanic interfaces dominated by proximity effect [1] , the fabrication and manipulation of superconducting boundaries is the enabling feature for the realization of ultrasensitive magnetometers [5] and electrometers [6] , subKelvin electron thermometers and coolers [7] , coherent mesoscopic heat current controllers [8, 9] , radiation detectors [10] , parametric amplifiers [11, 12] , qubits [13] and Majorana physics demonstrators [14] .
In superconducting electronics, localized geometrical and compositional inhomogeneities provide preferential pinning points for the establishment of order parameter phase gradients, the distinctive superconducting degree of freedom. This is exemplified by the coherent character of the pair transport between two different Cooper condensates leading to the Josephson effect [15] , where the current to phase relation (CPR) is determined by the phase-dependent energy spectrum of weak link-bound states [16] . The latter has been resolved spectroscopically down to the individual mesoscopic channel in atomic contacts [17] , carbon nanotubes [18] and semiconducting nanowires [19] . Correspondingly, physical observables in diffusive mesoscopic weak links are dependent on the phase difference between their superconducting boundaries. The phase-driven modulation of the DOS of proximized normal metal weak links is a well known example [20] . Analogous observations have been reported for superconductive wires in the long limit, where partial depairing was induced by spatially uniform phase gradient profiles [21] .
On the other hand, phase-biasing a weak link based on a thin superconducting wire in the short limit (i.e., having comparable geometric and coherence length) allows the observation of the reaction of its Cooper condensate to a spatial phase profile well beyond the linear regime. In particular, provided that the state of the Cooper condensate is a single-valued function of the phase difference applied to this weak link, the latter can be polarized with a phase difference equal to π, reaching the non-trivial node of its CPR. In this specific state no supercurrent flows in the Cooper condensate and, by virtue of timereversal symmetry, its order parameter ∆ exp (iφ) is a real-valued and sign-changing function of the spatial coordinate along the wire. Then, as a consequence of continuity, the pairing potential amplitude ∆(x) must equal zero in some position inside the wire (e.g., the centre in case of symmetric boundaries). While wide (w ξ) weak links can accommodate Abrikosov vortices, quasi-1D wires (w < ξ) develop a 1D phase singularity without screening currents [22] , namely a phase-slip center. A conceptual representation of the mechanism of phasedriven collapse of the order parameter is presented in Figure 1b .
In our experiment, the phase bias on a narrow nanosized aluminum wire is enforced by virtue of magnetic flux quantization in a closed superconducting loop subjected to a magnetic field applied orthogonally [23, 24] . The phase-dependent DOS inside the wire is probed through standard two-wire charge transport spectroscopy via a tunnel-barrier electrode (refer to the schematic in Figure 1a ). This type of device is the superconductingwire analogue of the superconducting quantum interference proximity transistor (SQUIPT) [25] . In this design, robust phase-biasing performance is ensured by the adoption of a 150-nm-thick aluminum loop of micrometric size, a configuration that proved to be effective in SQUIPTs based on normal-metal weak links of comparable size [3, 26] . Moreover, the pronounced geometric contrast in the cross section of the ring with respect to the superconducting wire minimizes depairing effects induced by supercurrent concentration at the interfaces between the wire and the thicker superconducting ring [27] .
The modulation of the current-vs-voltage I(V b ) characteristics of a typical (wire length L = 160 nm) normalmetal tunnel probe device (tunnel resistance R T ≈ 150 kΩ) as a function of the applied magnetic flux Φ is presented in Fig. 2 . At base temperature (T = 20 mK) increasing the magnetic flux bias from Φ = 0 to Φ = Φ 0 /2 results in a 65% suppression of the energy gap in the quasiparticle DOS compared to its zero-field value (panels a,e). Notably, the low-temperature differential conductance characteristics (see Fig. 2e ) recorded for Φ/Φ 0 0.25 are compatible with data reported for specimens in the constant phase gradient regime [21] . This could be expected since in this flux range, the CPR is essentially linear. However, for Φ/Φ 0 ≈ 0.5, a peculiar concentration of quasiparticle states at the edges of the residual energy gap can be inferred from the experimental data. The latter feature, absent in short phase-biased normal-metal wires [26] , appears reproducibly between different samples, provided a sufficient phase difference is applied to the short superconducting wire. By increasing the temperature (T = 300, 500, 700 mK, panels b-d) the I(V b ) curves show evidence of the progressive suppression of the residual energy gap at Φ = Φ 0 /2. The magnetic modulation of the differential conductance recorded at T = 650 mK (panel f) shows the transition between a superconductor/insulator/normal-metal-like response at zero field to an almost ohmic response at Φ = Φ 0 /2.
These observations can be understood by considering the temperature response [22] of the CPR of a weak link based on a superconducting wire in contact with rigid superconducting electrodes. The physical observables of the latter have been calculated in the quasiclassical framework by solving the Usadel equations selfconsistently with the pairing amplitude profile. Figure 3 shows a synopsis of modeled physical quantities obtained from a parameter set chosen in accordance with experimental data (refer to the Methods section for details).
As the temperature increases, the current-to-phase relation of the weak link progressively shifts from a multi-valued I s (Φ) at low-temperature [characterized by metastable Φ = Φ 0 (n + 1/2) nodes] to a single-valued CPR functional form reached at T = 700 mK. In the latter regime the amplitude of the pairing potential in the centre of the wire can be completely suppressed by applying a phase difference equal to π (panel c).
Simultaneously, the differential conductance as a function of voltage bias, applied magnetic flux and temper- ature can be computed from the corresponding DOS.
In Figure 3d -g, the calculated differential conductance maps are juxtaposed for comparison with data measured at different temperatures. The striking correspondence obtained corroborates the physical interpretation of complete pair potential suppression in the superconducting wire for Φ/Φ 0 = 0.5.
This above interpretation is further confirmed by observations focused on the transition from the unstable to stable π phase bias regime in devices equipped with a superconducting tunnel electrode. The latter, realized by a 15-nm-thick oxidized aluminum film, features a BCSlike DOS characterized by a sizeable superconducting gap ∆ pr ≈ 250 µeV, typical of thin Al films. As a consequence, the spectroscopic sampling of the DOS in the phase-biased wire does not suffer from the loss of energy resolution due to thermal broadening typical of normalmetal probes. In particular, this setup allows for a direct estimate of the energy gap ε g (Φ) in the probed DOS. At finite temperature, the latter quantity can be derived [28] from the difference between voltage bias values relative to the direct and thermally-activated conductance peaks (found, respectively, at e V b = ∆ pr ± ε g , similarly to the well-known case of quasiparticles tunneling between different superconductors at nonzero temperature [2] ). Figure 4 show normalized differential conductance maps recorded for a representative device characterized by a L = 210 nm superconducting wire in contact with a R T = 15 kΩ superconducting tunnel electrode. The mapping is focused on voltage bias values corresponding to the superconducting gap in the probe (e V b ≈ ∆ pr ) and with coupled magnetic flux applied in a minute range centered around Φ 0 /2. By inspecting the flux modulation of the direct (e V b > ∆ pr ) and thermallyactivated (e V b < ∆ pr ) conductance peaks, an incomplete suppression of 2 ε g 40 µeV can be inferred from data recorded at T = 0.9K (panel a). Within a 100 mK temperature increase, we observe the merging of the direct and thermally-activated peaks at Φ/Φ 0 = 0.5 and eV b = ∆ pr , the direct evidence of the full suppression of the energy gap in the probed quasiparticle DOS. Equivalently, the latter is associated with a smooth monotonic I(V b ) characteristic curve at T = 1K for Φ/Φ 0 = 0.5 (panel d), whearas the corresponding curve at T = 0.9K (panel c) displays a 40 µV-wide plateau. We interpret these observations as the confirmation that the increase in temperature has driven the CPR of the weak link to the single-valued regime, leading to a complete collapse of the amplitude of the pairing potential in the center of the wire for Φ/Φ 0 = 0.5. In this case, the temperature value for this transition is higher than for the normal-probe interferometer (Figures 2 and 3) as expected from the difference in the respective lengths of the wires, in agreement with the theory. Notably, while the value T = 1K is arguably sizeable, is also significantly smaller than the critical temperature (T c,w = 1.4K, see Methods) of the 25-nm-thick Al layer the wire consists of.
Panels a,b in
The steep character of the magnetic flux dependence of the pairing potential suppression suggests to exploit these devices for highly-sensitive magnetometry applica- In summary, we have presented a robust and reproducible means of suppressing the order parameter ampli- tude of the Cooper condensate inside a nanosized superconductor. Our observations are consistent with established theory. Reaching the complete flux modulation of the energy gap in the DOS inside the superconducting wire marks the transition between the intrinsic-like and Josephson-like regime. The corresponding temperaturedependent modulation of the CPR from a multi-valued locus to a proper single-valued form entails, at the crossover, a strong dependence of the physical observables on the applied magnetic flux for Φ ≈ Φ 0 /2. Yet, this property has been applied for the realization of ultrasensitive small-area quantum magnetometers. More generally, this work provides experimental coverage of the fundamental consequences of the self-consistency requirement on the order paramenter in spatially inhomogeneous superconductors. Finally, our design might be suitable as a testbed for the generation and investigation of a spatially-locked "phase-slip center". Another exciting perspective is to investigate whether the multivalued regions of the CPR are reachable in pulsed phase experiments.
METHODS

Fabrication protocols and experimental set-up
The devices have been fabricated by directional metallic thin film deposition through a self-aligned suspended mask. The latter is obtained by electron beam lithography on a positive tone resist bilayer (1000 nm copolymer / 100 nm poly-methyl metacrylate) spun on an oxidized Si wafer. After the development of the resist bilayer, the substrate is loaded in a ultra-high vacuum (base pressure ≈ 10 −9 Torr) electron beam evaporator, where an initial 15-nm-thick layer of 5N-Al/Al 0.98 Mn 0.02 is deposited at 40
• to realize a superconducting/normal-metal probe electrode, respectively. A subsequent controlled exposition (300 s) to a pure O 2 atmosphere with pressure values in the 10 ÷ 100 mTorr range yields tunnel junctions having specific resistance in the 20 ÷ 200 Ω µm 2 range. The superconducting interferometer is evaporated on top of the tunnel electrode as a 25-nm-thick Al layer at 20
• , followed by a 150-nm-thick Al layer at normal incidence.
After chemical lift-off in acetone followed by rinsing in isopropylic alcohol, the samples are inspected in a scanning-electrode microscope. Suitable devices are wirebonded on a 24 pin dual-in-line ceramic chip carrier, which is then loaded in a filtered 3 He/ 4 He dilution refrigerator (Oxford Instruments, mod. Triton 200) for the magneto-electric characterization down to 20 mK. In the latter, the magnetic field is applied orthogonal to the substrate by a custom-built superconducting electromagnet driven by a low-noise programmable current source (Keythley model 2600).
Low-noise current / voltage bias sources (a lithium battery in series with a 200 MΩ impedance and a Yokogawa GS200, respectively) are coupled with room-temperature voltage / current preamplifiers (NF Corporation LI-75A and DL Instruments 1201, respectively) to realize the DC readout. For normal-metal tunnel electrode devices the differential conductance is recorded with lock-in amplification (Stanford research model 830) with 4µV voltage excitation (rms).
Theoretical model
We model the properties of the superconducting wire embedded in the ring by the quasiclassical Green function model [29] , assuming a quasi-1D geometry. The spectral angle θ and phase χ are solved from the Usadel equations [30] 
where D is the diffusion constant. We assume the contacts between the wire and the ring have nonzero resistance, and model them with the Kupriyanov-Lukichev boundary conditions [31] ∓r sinh θ∂
at the left (−) and right (+) contacts. The parameter r = R I /r w is the ratio between the interface resistance R I and the resistance per length r w of the wire. The values θ ± = artanh(|∆ r (T )|/E), χ − = 0, χ + = ϕ are the values of the angles inside the superconducting ring. Here, the ∆ r (T ) value of order parameter in the ring is assumed to be BCS-like, determined by the critical temperature T c,r . We neglect proximity effect in the ring, and assume it is unperturbed by the weak link. The normalized DOS N (E, x) = Re cosh θ(E, x) and supercurrent I s = Aσ
are obtained from the solutions. The order parameter ∆ = |∆|e iφ is obtained from the self-consistency relation,
where T c,w is the critical temperature of the wire, and ω n = πk B T (2n + 1) are the discrete Matsubara energies. Self-consistent determination is required for current conservation. The solution to Eq. (5) becomes multivalued when L ξ 0 . To trace the solution branch (ϕ, ∆(x)), in this case, we apply the pseudo-arclength continuation method [32] . The method generates the next point (ϕ k+1 , ∆ k+1 (x)) based on previous solutions, by requiring that ∆ k+1 (x) satisfies Eq. (5), and that the phase difference ϕ k+1 , which is also considered unknown, satisfies a pseudo-arclength condition. This condition is an approximate form for requiring the distance from the previous solution,
be constant s ≈ s 0 , where 0 < η < 2 is the weight factor and s 0 the step size.
In the comparison with experimental data, the relation between applied magnetic flux Φ and phase difference ϕ is assumed non-linear, with Φ/Φ 0 = ϕ/2π + β L I s (ϕ)/I c , where I c is the low-temperature value of the critical current and β L = LI c /Φ 0 accounts for nonzero ring inductance L. The thermodynamically stable solution is determined as the one that minimizes the free energy
N (E, x) T,Φ dx is the wire DOS averaged over the typical physical length sampled by the probe.
The datasets in Figure 3 have been generated assuming the critical temperature values T c,w = 1.4K for the thin wire and the bulk value T c,r = 1.25K for the thick ring. The modeled diffusive weak link has normalized length L/ξ 0 = 1.7, corresponding to ξ 0 = D/∆ 0 = 95 nm for a physical length L = 160 nm. The interfaces of the wire are modeled with a non-ideality coefficient r = 0.75. The values of the set of mutually-independent parameters T c,w , ξ 0 , r are chosen on the basis of optimal reproduc-tion of the differential conductance characteristic curve recorded for null magnetic field at T = 20 mK. Notably, data recorded at higher temperatures is also satisfactorily reproduced. Optimal agreement with the observed flux modulation at all temperatures is obtained by letting β L = 0.03, consistent with I c ≈ 18 µA deduced from the former parameters while assuming L = 3.5 pH (numerical estimate of the inductance of the superconducting loop including both geometric and kinetic contributions, with magnetic penetration depth λ ⊥ ≈ 60 nm. FastHenry version 3.0wr by S. R. Whiteley, available from http://wrcad.com). 
Phase
where v a = 0.7 nV/ √ Hz is a white noise background, e is the elementary charge, R d = ∂V /∂I b is the differential resistance and C = 26 nF is the effective shunt capacitance consistent with the noise roll-off observed for f ≈ 100 Hz. This simple model, based on the quadrature summation of RC-filtered tunnel shot noise with an amplifier-dependent white noise background is sufficient to describe X 12 data recorded for 0.3 < f < 300 Hz.
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